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ABSTRACT Current generation battery electric vehicles lack sufficient systems to monitor battery 
degradation and aging; consumers demand longer range, faster charging and longer vehicle lifetime. Smart 
cells, incorporating sensors (e.g. temperature, voltage, and current) offer manufacturers a means to develop 
longer lasting packs, enabling faster charging and extending range. In this work, instrumented cells 
(cylindrical, 21700) have been developed. Our novel data logging solution (using power line communication, 
PLC) permits a comprehensive range of sensors to be installed on each cell. Utilizing the cell bus bars, this 
reduces the necessary wiring harness size and complexity to instrument packs, which can enable higher 
density energy storage per volume and weight within the vehicle.   
In this initial feasibility study, a module (4S2P cells) was tested using two diverse cycles (stepped current, 
200 mins x10 cycles, and transient drive, 50 min) in a laboratory climate chamber. The interface system 
enables research-prototype or traditional sensors to be connected via the PLC network. Miniature sensors (6 
temperature, 1 current, 1 voltage) were installed externally on each cell. Excellent performance was observed 
from the communication system; maximum 0.003% bit error rate, 50ms message receive time (compared to 
dedicated wired link). Variation in the measured parameters (originally identical cells, temperature 1.0 °C, 
voltage 5% state-of-charge, current ~10%) support the need for improved cell instrumentation to understand 
cell manufacturing tolerances and aging. This work shows a proof-of-concept study using PLC with 
instrumented cells, and leads to future work to further reduce the cost and physical size of smart cells. 
INDEX TERMS Power line communication PLC, Cell sensing, temperature monitoring, module cycling.
I. INTRODUCTION 
To reduce pollution from the transport sector, the UK 
government targets an 80% reduction in CO2 emissions in the 
sector by 2050 (relative to 1990, up to 2018 only 3.2 % 
achieved)[1], including banning the sales of internal 
combustion engine (ICE) cars by at the latest 2040 [2, 3]. To 
continue the adoption of electric vehicles (EVs), the next 
generation models must alleviate motorists concerns, where 
traditionally various negative perceptions are associated with 
EVs: economic (low residual value), technological (battery 
degradation), safety (battery fires) and charging (long 
charging times or access to charging points) [4]. Furthermore, 
low driving range, termed range anxiety, (Volkswagen EGolf 
achieves 300km range compared to 600km for ~50% cheaper 
ICE counterpart) limits the up-take of current generation EVs. 
Currently, consumers tend to over-estimate initial purchase 
cost and running costs, while under-estimating driving range 
[4]. 
There are now over 5 million EVs worldwide, a figure that 
is rapidly increasing in recent years (of which it is estimated 2 
million were sold in 2018 alone) [5].  Compared to ICE 
vehicles however, EVs contribute only a low percent to total 
vehicle ownership. Data from the UK Government for 
licensed vehicles from year end 2019 showed petrol and diesel 
cars still comprise 97.6 % of cars licensed for driving on UK 
roads (EVs contributing a further 2.3%) [6]. Diesel cars, 
despite growing reports of high emissions [7], still number 
over 39 % of the cars on UK roads, perhaps due to longer range 
and lower litres per 100 km (~5 l [8, 9]).  
A growth in the number of charging stations and their 
efficiency is helping build the infrastructure necessary to 
support mass-EV adoption [10], although the battery pack still 
forms the basis for the majority of negative EV perception. In 
this work we propose a smart cell monitoring system, 
demonstrated with proof-of-concept experiments with a small 
module. Lack of data regarding cell aging and performance 
while a pack is deployed substantiates consumer concerns, This work is funded in-part from the EPSRC Prosperity 
Partnership grant, R004927.  
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where the longevity of the pack cannot be guaranteed with the 
current limited monitoring. We view PLC as an underpinning 
technology to enable future smart instrumented cells. In the 
short term, these results lead to improved pack development 
and laboratory studies through improved cell instrumentation, 
while in longer term, offer a cost effective solution (light-
weight, miniature, minimal wiring) to permit the deployment 
of smart cells in an EV. We show the initial stage, externally 
instrumenting cells using a PLC network. With the viability of 
a vehicular PLC system proven, this allows further work 
including embedding sensors within cells (to demonstrate a 
deployable smart cell) or expanding the range of sensors tested 
(to facilitate laboratory studies of module performance).  
In this work, our experiments aim to verify the following 
five hypotheses, to meet our aims to confirm the need and 
suitability of PLC cell sensor monitoring: (i) Data from the 
sensors is not corrupted from the PLC transmission process 
(compared to dedicated wired connection); (ii) The type of 
miniature sensors used in this work are sufficiently accurate 
to measure typical cell parameters (i.e. compared to a 
reference source); (iii) There is sufficient bandwidth to 
transmit data for eight cells along a single frequency division 
of the powerline when subjected to transient cycling profiles 
(iv) Instrumenting a module with one temperature sensor is 
not suitable to ensure the correct sustainable operation of the 
module (increases in temperature only detected using array 
of sensors) and (v) the PLC low bandwidth configuration 
minimises transmission lag to enable sensor data to be 
received in a reasonable timeframe.  
EV Instrumentation Background 
It is rare for packs inside current generation EVs to contain 
more than 20 temperature sensors (usually thermocouples), 
often containing far fewer [11]. Without monitoring 
temperature at an individual cell level, any hot-spots which 
form inside cells cannot be identified. Differential heat 
generation leads to uneven current distributions (within 
parallel connections), causing accelerated aging. This effect is 
compounded if a cell is of lower capacity than its neighbours 
in a pack, which in the worst case can lead to thermal runaway 
(combustion).  We propose an individual smart cell should 
contain in-situ sensors for temperature, voltage (reference 
electrode) and current. With these parameters, a cell’s aging 
can be better understood. This data is immediately useful for 
design and development of future battery packs. Monitoring 
these values can improve safety (cells which fall outside a 
defined operating window can be disconnected) and also EV 
performance (maximum current flow can be safely enabled 
and maintained when branch currents are measurement 
between parallel cells, permitting faster charging and 
discharging, i.e. acceleration).  
In terms of EVs, cost, weight and physical size of components 
are vital specifications. Lithium-ion (Li-ion) chemistry is 
preferred for EV packs, due to its favourable energy density 
(>500 Wh/l [12]). It is estimated the specific energy for a Li-
ion cell is ~250 Wh/kg [13]. This is reduced to approximately 
150 to 170 Wh/kg when installed in an EV (with cooling and 
instrumentation hardware), i.e. a typical reduction in 30 to 40 
% compared to a compact cell alone. It is this reduction in 
efficiency that could be improved for future electrification of 
transport (necessity for battery powered aerospace travel). In 
a typical EV, it is suggested an additional 100 kg mass in the 
vehicle increases energy consumption by 0.6 kWh/100 
km[14].   
Power line communication was selected as a solution to 
installing multiple sensors per cell, without requiring 
additional cabling outside the module to connect to a 
management/data logging system.  PLC systems are available 
for domestic networking, operating at the mains voltage (i.e. 
230 V in the UK). Utilising PLC in a single battery cell, the 
varying DC voltage poses one challenge (depending on the 
cell’s state of charge, SoC), where communication must be 
possible across a voltage range of ~2.5 to 4.2 V DC. In this 
manner, it is proposed a single cell could be connected to a test 
bench for a rapid grading process.   
Proposed Smart Cell Monitoring System 
In this work, a 4-series 2-parallel (4S2P) configuration of cells 
(Figure 1), forming a small module is tested with the PLC 
network. Thereby the pack voltage can potentially vary from 
10 to 16.8 V. Commercially available li-ion cells of format 
21700 were selected, offering a desired format used by many 
original equipment manufacturers for future EVs, and 
reasonable capacity (4 Ah).   
To enable functionality while the vehicle is running, the PLC 
system must be robust to noise frequencies (i.e. few hundred 
kHz to 3 MHz range of transistor switching [15]) while not 
being detrimental to cell operation in terms of lifetime and 
performance (diagnostic frequencies 0.01 Hz to 10 kHz are 
used for electrochemical impedance spectroscopy EIS [16].  
EIS could, in future research, be performed in real-time or on-
board.  
Additionally, the capacitance and impedance of a cell can vary 
from not only manufacturing tolerances, but they are also 
related to SoC and age [17], thus vary as the cell charges and 
discharges. This variation entails phase shift PLC is less 
suitable for this application, and this work will focus on 
frequency shift PLC, which will not be significantly 
influenced.  
FIGURE 1.  Schematic layout of cells connected in 4S2P arrangement.  
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This work focuses on developing a communication system for 
sensors installed either on or inside battery cells. We report on 
the success of the network (considering time taken to receive 
messages, bit error rate (BER), maximum possible sampling 
rate/data capacity) and the future steps needed to integrate 
smart cells into packs, suitable for developing and improving 
battery pack designs.  
Instrumented cells, fitted with various sensors such as 
thermistors [18], thermocouples [19], optic fibres [20] etc., 
have been reported. These sensors all rely on dedicated wired 
connections to interface the sensors to data loggers, requiring 
complex, bulky and expensive cabling. This limits their use 
only to battery research laboratories, and prevents their use in 
various testing scenarios and within real-world EVs.  
PLC offers a solution to reduce the wiring required to 
instrument cells, while offering a flexible platform to install 
additional sensors (expandable using inputs on a 
microcontroller). Results from this novel work demonstrate 
externally instrumented cells, each fitted with 6 temperature 
sensors (thermistors), a current sensor and a voltage monitor. 
This article is divided into the following sections: motivation 
and the need for improved EV battery packs, methodology and 
experimental setup, results and discussion, and conclusions 
including our future work.  
II. MOTIVATION 
Instrumented Cells 
Battery management systems (BMS) monitor and control a 
pack, for example an EV. Due to current generation EV packs 
having a limited number of sensors installed, the BMS has 
restricted data in which to apply algorithms and calculate vital 
parameters.  Without access to cell level sensors, the BMS has 
to estimate parameters, which contribute to safety critical 
information, such as temperature calculation [21]. This is 
particularly difficult, considering the finite processing 
resources and algorithm complexity (approximations like 
capacity fade and resistance rise could be neglected).  
As regulations regarding EV safety improve, (such as 
requiring occupants to have a 5 minute warning prior to egress 
of smoke or heat into the cabin [22]) and the need for longer 
lifetime battery packs and lower degradation, manufacturers 
are becoming aware of the need to better instrument battery 
packs.  
Simply installing additional thermocouples into modules is 
unlikely to alleviate all safety concerns, when it is probable 
manufacturers must currently over engineer of battery pack 
designs. The lack of knowledge regarding cell state of health 
(SoH) prevents faster charging (which can introduce cooling 
concerns), limiting the appeal of EVs.  
As hotspots that can form within cells (small size [23, 24], 
unlikely to be detected with shared multi-cell sensor), are an 
indicator of the cell reaching end of life. Excessive hotspots 
can lead to thermal runaway. Therefore, it is proposed 
sufficient sensor resolution must be available for each cell, in 
order for the sensing to be able to provide useful information 
regarding cell failure prediction. Internal sensing is preferred, 
where external surface temperature lags core (perhaps up to 10 
°C [25]). Protecting the sensors against the harsh chemical 
environment in a cell provides further challenges.  
In this work, a comprehensively instrumented module is tested 
using research sensors. The microcontroller acquisition 
channels were not restricted, and traditional sensors can be 
integrated alongside the miniature devices. In the 4S2P 
configuration, current is sensed along each branch (via 
measurements at an individual cell level), enabling a unique 
understanding of the SoH of the cells and their aging 
condition.  
This work expands upon the single point temperature 
measurement of a cell, with a string of thermistors distributed 
along the long axis of the cell surface.  
PLC 
The current solution of dedicated wire per sensor entails 
configurations cannot simply be scaled up to facilitate 
reasonable sensor coverage regardless of pack size. PLC offers 
a scalable solution, where a single modem and microcontroller 
configuration can interface many sensors.  The limitations for 
PLC are the bandwidth available, considering time and 
frequency multiplexing are available. Including a 
microcontroller at the point of sensor interface reduces the 
load on the data acquisition unit, where basic pre-processing 
stages (e.g. averaging, peak level identification) can be 
performed locally. PLC is not restricted to using research 
sensors, where traditional sensors (e.g. current probes or 
thermocouples) could be connected to the network in the same 
manner.  
A bi-directional PLC system was selected, without sacrificing 
physical size, advantageous to enable control of a cell (e.g. to 
adapt data sampling rates), and potentially control circuitry 
within the cell.  
PLC as a networking tool for battery management has 
previously been explored [26–29], but without the focus on an 
automotive application, considering experimental data 
collected with simulated real-world cycling and drive cycle 
programs.  
This work expands previous studies, including work on cell 
instrumentation and also helps validate the need to monitor 
voltage and current at an individual cell level. Additionally, 
results from temperature sensing can help identify the key 
locations to place temperature sensors within cells to optimise 
sensor cost vs detection resolution.  
Wireless networking for cell monitoring has also previously 
been studied [30–32]. Again, the focus is usually on either 
simulation or development of miniature boards for contactless 
data transmission in a laboratory bench-top environment 
without testing cell cycling. Wireless transmissions are 
fundamentally less-secure than wired alternatives, a concern 
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to the automotive industry [33]. Battery packs consist of large 
quantities of aluminium or composite structures to house the 
cells. These materials, of course, could attenuate wireless 
signals; robust testing inside a pack must be performed before 
wireless technologies could be validated for this application. 
The physical size of the interface system is challenging to 
scale to fit a cylindrical smart cell, considering the 
cumbersome antennas required.  
This work demonstrates PLC is capable of instrumented cells 
at a small module level. Time division multiplexing is 
sufficient to instrument 8 cells with temperature, voltage and 
current probes. The system is thoroughly reviewed, as cells are 
cycled and drive cycles tested.  
III. METHODOLOGY 
Experimental Setup 
A test rig was developed to enable the 8 cells (4S2P layout, 
capacity 8 Ah) to be securely housed and tested using a battery 
cycler (FTV 200-60, Bitrode, USA). The instrumentation 
system comprised a sensor interface board (1 per cell), 
multiplexer board with PLC modem (1 per 4 cells) and a PLC 
modem with a data logging computer. A block diagram of the 
operation of the system is shown in Figure 2. In the current 
system, one PLC modem was used per 4 cells. This 
configuration was selected due to the majority of the estimated 
expensive (~$8) for an instrumented cell populated PCB 
currently attributed to the $5 modem, based on manufacturing 
pricing at time of purchase. 
Due to the nature of this research the cell model information 
and experimental data sets are not available. 
In total the system comprises: 8x 21700 cells, each with 1 
current sensor, 1 voltage sensor and 6 thermistor sensors (1 
interface board per cell); 2 multiplexer boards, each taking 
data from 4 sensor boards and connected to a PLC modem; 3 
PLC transceiver modems, 2 transmitting data from sensors, 
and 1 receiving data (at the BMS/data logging computer).  
FIGURE 2.  Block diagram of PLC system with interface circuitry.  
FIGURE 3. Layout of system comprising 8 instrumented cylindrical cells 
and PLC modem components.   
The layout of the system is shown in Figure 3. The module 
and sensor interface circuitry was placed in a climatic chamber 
(environmental temperature constant 25 °C), connected to the 
cycler.  
The sensor interface system was designed to enable a PLC 
modem to be attached per cell, enabling a future wire-free 
monitoring solution (further work involves developing a cost 
effective powerline interface). The system is configured to 
enable each sensor interface board to operate independently, 
with only data transmitted to a PLC modem. This enables the 
configuration to be adapted and additional sensors to be tested 
or trialled on individual cells. Furthermore, it enables only 
desired cells to be instrumented; i.e. to reduce cost a select 
arrangement of designated smart cells could be installed in a 
module.  
PLC and Sensor Interface 
 A SIG60 PLC modem (Yamar Electronics Ltd, Israel) was 
selected, as described in our previous work [34]. The relatively 
low cost modem, is designed for operation inside a vehicle, 
operating at low DC voltage (10V to 30 V) available in a small 
package (5x5mm 28 pin QFN) [35]. The modem operates at 
variable bit-rates (9.6 to 115 kbps, 56 kbps selected for 
reliability), and various channel frequency pairs (5.5 and 6.0 
MHz selected, avoiding lower frequency switching noise). 
The modem offers advantages of a contained line-drive 
circuitry and PLC modem, although requires relatively bulky 
external filters.  
A low-bandwidth solution was demonstrated, due to the 
favourable lower power consumption (< 150 mW per modem, 
connected to four cells). Smart real-time adaptable sampling 
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rate is proposed for future work, enabling moderate data 
sampling rates, adjustable to faster sampling rates if a feature 
of interest is detected (e.g. abnormal temperature reading). 
This reduces the load on the PLC system, and provides the 
BMS with only the required crucial data values. Initial 
laboratory tests demonstrated a high bandwidth system 
required approximately 10x increase in power consumption.  
The sensor interface board for each cell comprised the 
following components: custom PCB, developed with 
SAMD21G18A microcontroller (Atmel/Microchip 
Technology Inc., USA), a voltage monitor (microcontroller 
ADC, 12 bit resolution), a hall-effect current sensor 
(ACS722LLCTR, Allegro Microsystems, USA) and a voltage 
regulator (TPS73133DBVR, Texas Instruments, USA). Off-
board, an array of 6 thermistors (NCP03WF104F05RL, 0201 
imperial size, Murata Manufacturing, Japan) was attached to 
each interface board. A custom multiplexer board was 
developed using the same microcontroller with digital 
isolation circuitry (to account for the different potentials of 
each cell).  
FIGURE 4. Sensors calibrated against reference temperature and 
current devices, (a) sensor data compared to current measured across 
resistive load, (b) temperature sensor measurements in climate 
chamber from 25 to 50 °C. 
FIGURE 5. Sensors Instrumented 21700 cell, (a) photograph of semi-flex 
PCB fitted to cell in holder with thermistor sensors, (b) diagram 
showing distribution of sensors along cell can. 
Data were logged at 20 Hz on the sensor interface board and 
pre-processed (moving average), prior to transmission over 
the powerline. Adaptable sampling rate was tested, where 4 
Hz selected for general measurements (to ensure reliable data 
transmission within the available bandwidth), 6 Hz available 
for transient measurements. To check the delay time to receive 
a message via PLC, and to monitor bit-error rates, a dedicated 
wired USB connection was logged on cells 7 and 8.  
A reference thermocouple was fitted to each cell (Type K, Pico 
Tech, UK), and logged at 10 Hz. Each sensor was calibrated 
against reference equipment. The temperature of a climate 
chamber was varied from 20 to 50 °C in 5 °C steps for the 
thermistors during calibration. The voltage and current sensors 
were calibrated against a laboratory power supply. Figure 4 
demonstrates the calibration output; (a) shows the calibrated 
current sensor output (against reference supply readings).  
The power supply voltage was varied (3.5, 3.85, 4.2 V) across 
the range of values expected during the cycling experiments. 
Charging direction of current flow is indicated by positive 
values and vice versa for discharging. Error bars indicate 
standard deviation in current sensor reading at each current 
step. (b) shows the temperature sensor calibration inside a 
chamber; the error bars indicate standard deviation at each 
temperature. The reference sensor for each board is shown by 
a cross (centre of each measurements set).  
The calibrated thermistors were installed on semi-flexible 
PCBs, onto the cylindrical cells. Figure 5 (a) shows a 
photograph of the instrumented cell (thermistors out of view 
on reverse of PCB) and (b) shows the positioning of the 
devices on the surface of the cell.  
Assembled Fixture 
The assembled unit was installed on an acrylic sheet for safe 
fitment in the cycling chamber. Figure 6 shows a photograph 
of the completed module with instrumented cells.  
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FIGURE 6. Photograph of assembled instrumented module (thermistor 
PCBs visible) with PLC setup. Interface boards are hidden from view (on 
underside of mounting board). 
Interconnecting wires are required for the temperature sensors. 
A single pair of connections (indicated on the right and left of 
the photograph) are required for remote communication with 
the sensors (and for charging and discharging the cells), 
reducing the wiring needed out of the climate chamber to the 
data logger. 
The multiplexer boards aggregate the data from four interface 
boards and transmit all the information over the power line. 
The total data length is 216 bytes per four boards. A total of 9 
(resolution 12-bit) sensor records are available per cell 
(currently allocated as 6 temperature, 1 spare, 1 voltage and 1 
current).  
If desired, the number of temperature sensors per cell could be 
reduced, providing capacity for other sensors or cells to be 
instrumented, without increasing load on the communication 
network. I.e. each multiplexer board currently collects 36 
sensor records, which could alternatively be split 3 records per 
cell, enabling 12 cells to be instrumented per modem (without 
increasing data length). 
A complete data string, transmitted sent from one cell, consists 
of the board serial number, current sensor reading, 6 
temperature sensor readings, voltage sensor reading, 
timestamp and debug data, as shown in Table 1. 
TABLE I 
ELEMENTS OF DATA STRING TRANSMITTED FROM EACH MULTIPLEXER 
BOARD (COLLECTING DATA FROM FOUR INTERFACE BOARDS) OVER THE 
POWER LINE. 
Field Name Data Size Resolution 
Cell IDs 19 bytes N/A 
Current Data 125 bytes 12 bit 
Temperature 
Data 
19 bytes 12 bit 
Auxiliary 
(spare) fields 
19 bytes 12 bit 
Voltage Data 19 bytes 12 bit 
Timestamp 8 bytes  ms runtime 
Debug Data 11 bytes N/A 
Experiment Scenarios 
Two test procedures were defined to enable the measurement 
system and PLC network to be trialed: (Configuration 1) a 
~200 min charge and discharge cycle (repeated 10x per run), 
with constant current rates, enabling the measurement sensor 
setup to be assessed; (Configuration 2) a ~50 min experiment 
of transient current variation (drive cycle, based on 
measurements of speed-time data of a real vehicle in 
Coventry, UK [35]) to allow the response time and data 
acquisition configuration to be verified.  
Each experiment routine was performed for three repetitions, 
one data set from each, containing representative data, will be 
presented below. Figure 7 shows the current supplied and 
drawn from the module for each scenario (as only 4S2P layout, 
maximum current load set as 1 C). 
FIGURE 7. Plots of current charged (indicated as positive current) and 
discharged (negative) into the module (8 cells, 4S2P) during each 
experimental scenario, (a) Stepped cycle (1 cycle of the program), data 
taken from cycler log, (b) transient drive cycle experiment, data from 
drive cycle, 1 sample/s. 
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IV. RESULTS AND DISUSSION 
A total of 48 thermistor temperature sensors were installed (6 
per cell), additionally voltage and current data was recorded 
for each individual cell. A reference sensor was placed for 
temperature (thermocouple placed on center of external can 
surface) on each cell. Voltage and current data recorded from 
the cycler is presented, alongside the data logged via the PLC 
network. Prior to each experiment, the module was charged to 
~95 % SoC (16.5 V, considering each cell 95% SoC is ~4.125 
V). These results will verify the five hypotheses discussed 
previously. In this work, charging current is indicated as 
positive direction. 
Stepped Current Cycle (Configuration 1) 
In this set of experiments, the cells are cycled through a 
periodic stepped program. The functionality of the sensors can 
be verified, evaluating hypotheses (i) and (ii). A set of data, 
shown in Figure 8 for cell 5, is recorded for each cell. Plots (a) 
and (c) show data logged via PLC, collected from the 
miniature sensors proposed for instrumenting cells. (c) shows 
6 data strings, one for each of the sensors fixed to the can 
surface. (b) shows reference data logged from a thermocouple, 
placed at the centre of the cell. It is noted, the climate chamber 
(environment) was set to 25 °C, with no humidity control. Due 
to the large volume of the chamber, temperature variance 
within the chamber is to be expected. Baseline temperature 
measurements (based on the reference thermocouple data) 
were recorded: 25.6, 26.1, 26.0, 25.3, 24.9, 25.7, 25.2, and 
25.8 °C, for cells 1 to 8 respectively. 
FIGURE 8. Cell 5 current and temperature data during stepped current 
experiment, (a) Current measured and recorded via PLC for individual 
cell, (b) thermistor data, recorded via PLC (6 sensors along length of 
cell) and reference thermocouple data (sensor located centre of cell). 
The current data shown in Figure 8 (a) and temperature data in 
(b) demonstrate the surface temperature of the cell increases, 
as energy is charged and discharged. The peak temperature is 
observed at the highest charge rate (8A between 2P cells). The 
maximum temperature recorded by the thermistors is ~28.4 °C 
(S4 and S5), while the thermocouple records a maximum of 
27.8 °C. The thermocouple data closely corresponds to the 
nearest thermistor (S3), in terms of trajectory and minimum 
temperature (both ~25.0 °C baseline); the peak S3 temperature 
is higher (average 27.5 ° across the 10 cycles).  
An enlarged view of the temperature variation across one 
cycle (third repetition selected) is shown in Figure 9. For each 
cell, three plots were extracted from the data matrix: the hottest 
thermistor sensor, the sensor reading of either S3 or S4 
(physically closest to the reference sensor), and the reference 
thermocouple. The hottest sensor values generally are 
recorded by Sensors 5 or 6, closest to the positive tab of the 
cell. The data recorded by sensors 3 and 4 correspond closest 
to the reference sensor (located physically in the same location 
on the cell).  
The variation of either S5 or S6 as the hottest point on the cell 
indicates the need to characterize individual cell 
configurations to identify hot spots for a particular cell. 
Greater variation is observed from the thermocouple, perhaps 
showing fluctuations in temperature within the climate 
chamber (as it operates to maintain a constant 25 °C). The 
thermocouple has a greater exposure to external temperature 
variation, while the thermistors are covered by being mounted 
on a PCB.  
FIGURE 9. Cell temperature observed during third cycle, for each cell 
the sensor recording hottest values (generally S5 or S6), value closest 
to reference sensor (S3 or S4) and the reference thermocouple. 
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Figure 10 shows a further enlarged view of the same cycle for 
cells 3, 4 and 5, in plots (a), (b) and (c), respectively.  For cells 
4 and 5, the thermocouple temperature corresponds to S3 
throughout the cycle. Cell 3 shows larger variation, exceeding 
S3 temperature by ~0.55 °C. Cell 3 reaches the highest 
temperatures (4.6 °C above baseline, compared to 3.6 and 3.5 
°C, cells 4 and 5, respectively), confirmed by the highest 
thermocouple reading (31.0 °C). The thermistors along the 
length of cells 4 and 5 exhibit a general trend of a cooler 
negative terminal on the cell (S1), although S4 to S6 tend to 
group together (variance of ~0.15 °C at peak temperature 
readings).  
The thermistor PCB on cell 3 demonstrates an upward trend in 
temperature between S1 to S6, with the negative terminal 
coolest (28.8 °C), gradually increasing to S6 (30.7 °C). 
Regarding hypothesis (iv), this experiment demonstrates 
useful information can be gained about the temperature 
gradients along a cell surface during its operation, the majority 
of information can be obtained by considering the hottest point 
in the cell.  
It is suggested a strategically placed temperature sensor, near 
the positive end of the cell, may provide sufficient data, 
although ideally internal core measurement would be 
preferred [19]. This reduces the bandwidth required for a 
communication system, and optimises the data processed by 
the receiver (BMS). In the case of a laboratory setup, a smart 
cell could identify the hottest point in the cell, and report only 
this data point during real-time reporting to the BMS (while 
logging the remaining temperature sensors in memory within 
the cell, for later retrieval if requested).   
To reduce component cost, and intrusion into the cell, to 
internally instrument a cell, a reduced array of sensors may be 
adequate. Alternatively, for larger format cells (or pouch 
cells), bespoke arrangements of sensors are possible.  
FIGURE 11. Current measured through module, (a) comparing sum of 
current cell pairs to cycler, (b) current observed at each individual cell. 
FIGURE 10. Variation of temperature recorded via thermistor PLC and reference thermocouple shown in (a), (b) and (c) for 
cells 3, 4 and 5, respectively. 
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FIGURE 12. Enlarged view of one cycle (third) through individual cells, 
inset graph enlarges view showing varying charging rates. 
The hottest area of a cylindrical cell has previously been 
identified near the positive terminal [36, 37], although this 
may neglect detection of aging hot spots. The first peak in 
temperature (~680 min) could be investigated further, 
following reports a sharp rise in temperature is observed near 
the end of the discharge to low state of charge, due to the 
increased internal resistance of the cells [38] .   
To verify the operation of the current sensor on each cell, the 
data can be summed across each pair (2P) of cells and 
validated against the current supplied and drawn from the 
module. Figure 11 (a) shows the summed data across the 10 
cycles. Each pair sums to a peak charging current of 8 A (1C) 
and the peak discharging current (4A, 0.5 C). Figure 11 (b) 
shows the individual current transferred through each cell.  
The charging and discharging rates of each cell in a pair are 
not equal, visible in the curves during peak discharge and 
charge, Figure 11 (b). A view of one cycle is enlarged in 
Figure 12, showing all 8 cells. The step changes in supplied 
charging current causes the currents through the cells to 
converge (~700 min) and diverge (~710 min). By monitoring 
the individual cell currents this effect can be quantified, and 
provides an understanding of the individual cell’s condition 
[39, 40]. At the time points 685, 700 and 720 min, the SoC of 
the cells are approximately 52%, 63 % and 86%, respectively. 
A smaller applied current causes an inter-cell self-balancing 
effect to dominate the applied current to the system. However, 
a larger applied current demonstrates the counter effect, with 
a greater magnitude in current offsets, decreasing as the 
individual cell state of charges converge.  
To assess hypotheses (i) and (v), the quality of the PLC link 
was studied. Comparative data was logged directly from the 
smart cell interface board (on-board microcontroller 
connected via dedicated USB link to data logging computer). 
Performance criteria were defined as BER and time delay to 
receive message.  
FIGURE 13. Comparison of temperature sensor data received by Cell 7 
Sensor 1 recorded via dedicated wired connection and PLC link, (a) 
temperature sensor data, (b) delay time (dedicated-PLC) and (c) errors 
noted prior to filtering and after smoothing filter. 
Figure 13 (a) shows the logged temperature data for one 
thermistor (cell 7, sensor location 1), recorded via dedicated 
link and PLC. There is no determinable variation between the 
temperature logged and time recorded. The measured time 
delay, Figure 13 (b), is calculated via comparison of the 
timestamps when a given data (from all the cells sensors 
together) received by the data logging computer. The average 
delay time was calculated as 45.6 ms, considering data from 
all sensors (cell 7).  
The temperature delta between the dedicated wired vs PLC 
links is shown in Figure 13 (c). During the experiment, 32 bit 
errors occurred (0.002%), leading to temperature variations of 
>10 °C for the erroneous measurement point. These can be 
filtered out (median filter) to exclude abrupt variation in 
temperature. These bit errors include errors introduced during 
every part of the transmission process, i.e. interface board to 
multiplexer board (Universal Asynchronous 
Receiver/Transmitter, UART), multiplexer to modem 
(UART), the power line transmission and finally receiving 
PLC modem to microcontroller (UART). Opposed to the 
dedicated wired link (interface board directly to computer via 
USB). In future work, the integrity of the data could be 
checked when at the multiplexer or modem boards, to allow 
bit errors introduced via the UART transfers to be detached 
from those introduced with the PLC stage.   
A similar comparison is shown in Figure 14 for the current 
sensor installed on cell 7. (a) demonstrates data is intact 
transmitted via PLC compared to the reference wired link. (b) 
shows the bit errors introduced due to the communication 
process. The majority of the errors are filtered out, and do not 
impact the current readings.    
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FIGURE 14. Comparing current data recorded via PLC and dedicated 
wired connection, (a) shows data logged by each method, (b) delta 
current recorded.  
Transient Drive Cycle (Configuration 2) 
To verify hypotheses (ii) and (iii), experimental configuration 
2 subjects the module to a transient ‘drive cycle’ profile, with 
rapid (1 s) variation in current drawn and charged. The cell 
surface temperature variation is minimal throughout the 
experiment (most cells < 2 °C variation). Figure 15 shows 
temperature variation (data logged with thermistors and 
reference thermocouple) for cells 3, 4 and 5 in (a), (b) and (c), 
respectively.   
Transient voltage data is shown in Figure 16. (a) compares the 
sum of the two series strings of cells against the module 
reading. The PLC board data, available at higher sampling 
rate, corresponds to the reference data. Individual cell voltages 
are shown to provide greater insight into module health, as 
demonstrated in (b). Cell 3 and 4 (parallel cells) have notably 
higher potentials (e.g. ~4.2 V when expected 95 % SoC). This 
indicates the cells could have a greater aging effect compared 
to counterpart cells (e.g. cell 5), or have reduced capacity 
(reduced retained capacity). These increased cell voltages 
correspond to the higher temperatures during cycling observed 
in Figure 15 (a) and (b), i.e. peak readings ~27.8, 26.7 and 25.8 
°C, respectively for cells 3, 4 and 5.  
The transient current data was recorded using the cycler output 
and individual cell sensors. Figure 17 compares cycler data (a) 
with cell data (b).  
Cell 3 is again noted as receiving a higher current (as well as 
being hottest, and noted as lowest SoH) while charging (e.g. 
peak 2.0 versus 1.8 A to neighbouring cells), justifying the 
need to implement improved parameter sensing in a module.  
FIGURE 15. Temperature recorded (6 thermistors and 1 reference thermocouple) during transient drive cycle, (a), (b) and (c) 
show cells 3, 4 and 5, respectively.  
FIGURE 16. Transient voltages recorded during drive cycle, (a) sum 
of voltages of series four cells compared to cycler data, (b) individual 
cell voltages logged via PLC.  
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FIGURE 17. Transient currents recorded, (a) cycler data, (b) data from 
individual cells.  
FIGURE 18. Transient current data summed across cell pairs relative to 
supplied module data, inset plot shows enlarged 2 minute period.  
FIGURE 19. Comparison of data recorded via PLC and dedicated wired 
(USB) link; (a) temperature data (Cell 7 sensor 1) comparison, (b) delay 
time between messages being received, (c) Errors noted prior to 
filtering (temperature delta also shown after filtering). 
To verify the currents through each pair of cells summed to 
the recorded input data, Figure 18 compare pair summed 
values to the cycler log. Greater sampling resolution is 
available from the PLC data (inset plot). All current voltages 
sum correctly, with negligible variation.  
A comparison of data recorded via a dedicated wired USB link 
and via PLC was performed; Figure 19 (a) shows the data 
recorded for cell 7 sensor 1 (thermistor). The transmission 
delay between the dedicated wired link and PLC connection 
was calculated as 49 ms, shown in (b). Inspecting the raw data 
prior to filtering, 2 errors are located for this stream (c). A total 
BER of 0.003 % was noted, a fraction of the minimum 
accepted 10-4 rate defined by the G3 Alliance [41].  
This rate is similar to configuration 1, although more 
significant bits were corrupted, leading to larger variations in 
apparent temperature reading. A BER of 3.1 × 10   has been 
reported for CAN bus communications in normal conditions 
[42]. Further work will involve improving verification of 
received data on the microcontrollers, to minimise bit losses 
during data handling. Figure 20 demonstrates the successful 
transfer of the data via PLC, relative to USB dedicated link. 
The data are intact, shown in (a), while a handful of errors are 
introduced (b).   
 These experiments have investigated the use of PLC within a 
small module and resolved our hypotheses. We propose such 
a system would benefit pack and cell design, where key sensor 
locations can be identified (e.g. temperature sensors). The data 
collected over the powerline was not corrupted (i), and did not 
notably determent the performance of the module. The 
selected miniature sensors offered comparable data to 
reference instrumentation (ii), demonstrating the viability of 
installing sensors in a module for laboratory testing.  
The bandwidth of the PLC (iii) system limited the sampling 
rate (4 or 6 Hz). Faster sampling rates could be achieved the 
prioritising data (e.g. when abnormal temperatures detected) 
to enable further data to be gathered from an individual cell. 
The bi-directional communication enabled these parameters to 
be controlled, although not autonomously.  
FIGURE 20. Comparison of data recorded via PLC and wired link; (a) 
current data (Cell 7), (b) errors recorded pre/post filtering.  
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Hotter locations (i.e. towards the positive terminal) along the 
surface of a cell were identified (iv), particularly the cells 
experiencing greater current demand and higher voltages. The 
data collected over PLC was delayed (never exceeding < 50 
ms) compared to a dedicated wired connection (v). This is 
considered comparable to a CAN system, with a common 
message rate of between 10 and 50 ms, for key battery 
parameters. This delay could be minimised by fitting a PLC 
modem to each individual cell, avoiding the delay entailed 
with collecting data from 4 separate boards and multiplexing 
the output to a single PLC modem.  
V. CONCLUSIONS 
This work has demonstrated PLC is a viable communication 
method (in terms of transmission speed, reliability, 
bandwidth) to instrument cells in a small module. Current 
generation cells do not contain circuitry nor sensors to record 
parameters nor understand their performance (e.g. age, 
lifetime). This work demonstrated future generation EVs 
could benefit from smart cells, where owners would benefit 
from obtaining the full potential (charging/discharging rates, 
lifetime) possible from their vehicles. Manufacturers would 
benefit from being able to develop packs containing sufficient 
sensors in key locations to safely maximise pack performance 
and lifetime. The current sensor configuration (with 
temperature sensors 0.3 x 0.6 mm size) demonstrates the 
reduced size sensor networks possible, compared to using 
traditional thermocouple sensors.  
A PLC system was constructed, consisting of 2 low bandwidth 
(56 kbps) powerline modems (SIG60, 150 mW required per 
board) and 8 sensor interface boards (100 mW per board). Two 
multiplexer boards acquired data from 4 sensor interface 
boards, which were then transmitted via the PLC modem. 8 
cells were instrumented in a 4S2P configuration, enabling 
temperature (6 thermistors installed along length of cell), 
current and voltage data to be logged. A total of 9 data records 
were transmitted from each interface board, making a total of 
36 per multiplexer. In the 4S2P configuration here, all the 
comprehensive sensor layout demonstrated in a laboratory 
setting, reasonable detail (10 mm resolution) cell surface 
temperature is possible. However, to increase the number of 
cells instrumented without increasing data load, the system 
could be distributed with 3 channels per board (temperature, 
voltage, current), enabling 12 cells to be instrumented per 
modem, without changing the PLC configuration. The low 
bandwidth modems provided sufficient bandwidth to obtain 
data from all these sensors at 4 Hz and 6 Hz sampling rates 
(standard or transient settings).  
Reliable data sampling was observed through testing a stepped 
charge/discharge cycle (200 mins, 5m samples, BER ~0 %). 
A time delay compared to a dedicated wire connection of ~ 45 
ms was observed, sufficient to enable rapid notification of a 
temperature increase (sampling time could be improved in 
further work through prioritisation).  
Transient drive cycle experiments verified the functionality of 
the miniature sensors for real-time measurements (current 
sensor tracked cycle, logging at 6 Hz, typical cycle stepped at 
1 Hz). Variations were observed between cell SoC (e.g. 95 % 
SoC 4.2 V compared to 4.125 V) demonstrating the need to 
understand individual cell aging and capacities.  
VI. FURTHER WORK 
It is proposed the system is further miniaturised (combining 
the sensor interface boards with a PLC modem per cell), 
enabling the wire-free concept of a smart cell monitoring 
system to be realised. This work has formed proof-of-concept 
a PLC system is resilient to general cycling with real cells 
subjected to a real-world drive cycle.  
Integration with Smart Cells 
Data were collected from the miniature sensors using a low-
cost microcontroller, utilising a 12-bit ADC. To maintain a 
cost-effective smart cell, minimising component costs is 
important, although it is proposed a dedicated ADC could 
improve sensor resolution (and reduce spurious noise spikes). 
This may be useful for prototype smart cells to be used in pack 
development and laboratory studies.  
In the current setup, a limitation was noted; the SoC of each 
cell was not reduced below 50 % (~3.75 V), to ensure correct 
operation of the interface circuitry (using a low-dropout 3.3 V 
regulator, total power consumption ~ 100 mW per board). 
Correct functionality was observed until the drop out voltage 
(3.34 V); below this threshold false ADC readings were 
obtained, i.e. erroneous sensor measurements. The operating 
voltage range of each sensor interface board must be extended 
to encompass the cells SoC from 0 to 100 %. This was trialled 
using a buck-boost regulator, although this component 
reduced system power efficiency (power consumption 
reaching 165 mW observed), and was excluded from this 
current work.  
Externally instrumented cells were utilised to provide proof-
of-concept smart cells. To demonstrate the reduced 
complexity and reduction in wiring loom possible with PLC, 
our next research topics include embedding the sensors in-situ 
inside the core of the cells. Core temperature is desirable for 
modelling studies, providing a reflection of the cells operation 
at a faster rate, compared to surface measurements. Working 
with flexible PCBs could enable placement of sensors at 
different locations within the cell and different planes, to help 
identify the key areas to detect the formation of hot spots.  
PLC Development 
The PLC network in this study was subjected to transient 
current profiles and varying cell SoC. Further work includes 
further reliability testing, involving perhaps white noise 
testing and interference noise sources.  
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The low-bandwidth configuration was sufficient to enable 8 
cells to be comprehensively instrumented and report to a 
central data logger at 6 Hz. This is sufficient for monitoring 
transient behaviour, although greater sampling rates (order of 
1 kHz) may be desired. Higher bandwidth PLC systems are 
available, although demand greater power consumption 
(initial testing suggests 1 W per modem). This entails clusters 
of cells should be instrumented and linked to one modem.  
We propose developing a miniature low-bandwidth PLC 
modem combined with sensor interface hardware to enable a 
cell to be instrumented and communicate with a data logger 
without external wiring. This will allow the bit error rate of the 
PLC network to be assessed per cell, opposed to current work 
(which requires several UART inter-board networks). Fixed 
sampling rates were used in this work; it is proposed adaptive 
smart sampling is used, thus enabling an event (i.e. 
temperature increase) to automatically trigger faster sampling, 
so the event can be monitored.  
A dedicated USB link was used to assess the errors introduced 
with the PLC network. This was selected to reduce the 
possible errors occurring linking the sensor interface board to 
a secondary communication protocol (microcontroller has 
integrated USB communication). To verify reliability against 
accepted standards, a comparison against CAN, SPI or 
wireless technologies is proposed.   
Integration with larger scale modules and BMS 
This work demonstrated functionality at a small module level 
with every cell instrumented. The PLC network structure is 
adaptable, thus a pattern of cells could be instrumented in a 
module, thereby reducing the component cost associated with 
smart cells.  
To demonstrate the resilience of the network to node failure 
abuse testing is required. A failure of a cell (i.e. due to damage 
or thermal runaway) should not affect the ability of other cells 
to communicate.  
This work forms a proof-of-concept study that instrumented 
cells via PLC are suitable for laboratory testing and data 
acquisition. Our future work, demonstrating lower-cost, 
physically smaller and higher resolution sensing will help 
showcase the path towards future smart cells.  
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